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Abstract—In future 6G networks, large-scale apertures signif-
icantly extend the near-field (NF) to tens of meters, especially
at millimeter-wave (mmWave) frequencies. This evolution chal-
lenges traditional far-field (FF)-centric communications, as users
experience propagation conditions that differ markedly from FF
model-driven predictions. Intelligent reflecting surfaces (IRSs)
are anticipated to play a crucial role in 6G mmWave deployments
by cost-effectively improving connectivity. Static IRSs, such as
passive HELIOS geometries, have demonstrated high maturity
levels in field experiments, successfully validating their capabil-
ities. However, as shown in this work, large IRSs optimized for
infinite FF behavior exhibit degraded performance in the NF, in-
cluding reflection beam misalignment, broadening, magnitude re-
duction, and nulls. These effects can severely compromise the suc-
cess of IRS-assisted 6G mmWave deployments if left unaddressed
during the design phase. For this reason, we extend the analytical
reflection model into the NF region. Validation through lab
measurements and electromagnetic (EM) simulations confirms its
enhanced accuracy in finite FF and radiative NF. The model pre-
dicts reflections at distances down to 50 cm with up to 46.5 %-pt.
better correlation between the reflection patterns. These insights
pave the way for optimizing NF-centric static-passive IRSs.

Index Terms—near-field communications, reflecting geometry,
additive architecture, physical reflection modeling, measurement.

I. AT THE HEART OF 6G MMWAVE: NEAR-FIELD
COMMUNICATIONS WITH LARGE REFLECTORS

To meet increasing performance targets of future wireless
networks, such as multi-Gbit/s peak user data rates and cell
capacity, antenna technology is evolving toward extremely
large antenna arrays. Combined with the move from traditional
sub-6 GHz spectrum to higher mmWave (frequency range 2
(FR2)) spectrum, the FF characteristics of the emitted EM
waves appear at increasing distances. In turn, the likelihood
for users being in the NF becomes higher, particularly for FR2
deployments wherein obstacles effectively limit the cell size
owing to poor penetration capabilities, e.g., in private network
deployments within compact indoor factory (InF) halls. This is
a problem because channel models are traditionally designed
for FF conditions, which are vastly different from the NF,
i.e., a user equipment (UE) in the NF experiences different
conditions than predicted. Hence, suitable NF models need to
be designed and employed for accurate propagation modeling
and to achieve better wireless network performance [1-4].

Moreover, 6G is expected to adopt the novel IRS technology
to reduce hardware costs and power consumption. To realize
significant reflection gains that artificially boost poor non-
line-of-sight (NLOS) links to line-of-sight (LOS)-like good
connectivity, large reflecting surfaces, so-called large intelligent
surfaces (LISs), need to be employed, featuring side lengths in
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Fig. 1. Complementary use of near- and far-field reflection models enable
distance-agnostic connectivity prediction and IRS customization for 6G.

the order of 10 to 100 wavelengths A [5]. Hence, like active
antennas, (semi-)passive IRS apertures and their NF regions
become large [6, 7]. Particularly static-passive IRSs, i.e., non-
reconfigurable reflectors, tend to be extremely large because
they may be preconfigured to exhibit broad reflecting beams
depending on the deployment scenario. In this context, this
work will focus on the Holistic Enlightening of bLackspots
with passlve reflectOr moduleS (HELIOS) IRS concept [8],
which leverages custom-shaped modular reflecting geometries
to achieve the desired reflection behavior (cf. Sec. II). The 3D-
printed and conductively coated IRS then yields several advan-
tages, including low cost, zero power consumption, and scal-
able size. Therefore, if an NF reflection model is available, net-
work planners may better understand the impact of an IRS with
desirable FF behavior on nearby UEs’ connectivity. Further-
more, the IRSs may thus even be optimized to instead exhibit
an optimal NF reflection behavior. Against this background, we
extend our bistatic radar cross section (RCS) reflection model,
applicable in the infinite FF [9], to account for finite distances
down to the radiative NF region, thereby enabling more accu-
rate propagation prognoses and NF-centric IRS customization.

The above motivation is illustrated by Fig. 1, wherein the in-
cident EM wave from the base station (BS) impinges on a large
HELIOS IRS from an oblique direction. It is then reflected
with a certain beamwidth into the desired direction (here:
boresight). We note that the depicted behavior loosely mirrors
the behavior observed by EM simulations with commercial
software [10]. It can be seen that the desired reflection be-
havior appears at distances larger than the Fraunhofer distance
dr. In the NF, however, the reflection differs depending on the
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distance; for example, at some distances the reflection beam
is broader and weaker, or even split into two beams by a null.

The remainder of this work is structured as follows. After
a review of related works, Sec. II presents our existing FF
reflection model for HELIOS IRSs and subsequently proposes
an extension into the NF region. Sec. III evaluates the improve-
ment in propagation prognosis accuracy of the NF-extended
model against the FF model, as well as against NF EM simu-
lations and laboratory measurements. Last, we summarize our
key results and provide an outlook on future work in Sec. I'V.

II. TOWARD NF IRS REFLECTION MODELS FOR 6G

This section first highlights in Sec. II-A, how propagation
models with IRS support require knowledge of the reflection
of flat metallic surfaces. Sec. II-B then introduces geometry-
driven HELIOS IRSs and the corresponding far-field reflection
model. It is then extended into the NF region in Sec. II-C.

A. Foundations: Modeling IRS-based Propagation Paths
based on the Reflection Characteristics of Flat Metal Plates

Accurate user connectivity prognoses in far- or near-fields
depend on the propagation model considering individual path-
ways for the EM waves. This work focuses on the dominant
paths, for example, the LOS path whose received power Prx
from the transmitter (TX) to the receiver (RX) is described by

Prx = Prx - Grx - Grx - A (1)
(4m)? - d%X,RX ’
which depends on the free-space distance drx rx, wavelength
A, transmit power Pryx, and antenna gains Gtx, Grx of the
transceivers [11, Ch. 2.1]. Obstacles such as building walls re-
sult in additional loss, which is particularly high for mmWaves,
such that an IRS shall be used to provide a superior link quality
based on reflection gain ors from TX to RX direction. In the
literature, ors is referred to as the bistatic RCS with unit m?
(logarithmic unit: dBsm). The received power Prx along this
virtual LOS link is described by the radar equation

Prx - G1x - Grx - oRs - A2

Frx (47")3 : d%x,ms ’ d12Rs,Rx 7 @
where drxrs and dirsrx describe the distances between the
respective transceivers and the IRS position [11, Ch. 2.1]. For
decades, in the scope of designing better radars or objects
that avoid detection through such systems, numerous works
have derived the FF RCS of arbitrarily-shaped geometries as
functions of azimuth angle of incidence (Aol) ¢;,, elevation
Aol 0;,,, azimuth angle of departure (AoD) ¢,,:, and elevation
AoD 6,,;. For complex shapes like curved metasurfaces [12]
and our HELIOS IRS geometry [9], one coherently sums
up the reflection of simpler shapes, i.e., small flat plates.
Based thereon, with little modification, reflection models for
synthetic, semi-passive IRSs featuring flat sub-wavelength unit
cells have already been derived, e.g., in [13-16]. Although
designed for the infinite far-field, these models exhibit a high
accuracy for distances exceeding the Fraunhofer distance [17]

dp =212/, 3)

where [ is the largest side length of the reflecting surface panel.

As 6G research increasingly emphasizes NF rather than FF
conditions, we revisit the reflection behavior of flat metallic
plates, extending the analysis into the radiating NF region
(dr > rout > O.GQM) [1]. One critical effect to capture is
the loss-inducing broadening of the reflection. Both measure-
ments [18] and electromagnetic simulations [19] consistently
show that, unlike in the FF, reflections from flat metallic plates
in the radiative NF are not confined to narrow angular lobes but
spread across a broader angular region in both azimuth and el-
evation space. Hence, users may be outside the reflection lobe
in the FF but be served at the same angle within the NF of the
reflector. With increasing distance, however, the beam shapes
into the well-known far-field behavior. The opposite behavior
may also occur if the user is too close to the surface, i.e., in
the reactive NF, and thus too close for the reflection beam to
have formed. Hence, a user may also be served very poorly in
the NF, while there would be an excellent reflection in the FF.

Other NF characteristics largely resemble their FF counter-
parts. For example, the peak FF RCS is defined by [11, Ch. 6]

. 2 |Bs|?
roiigoo 4 - Tout * ‘EO‘Q ) (€]
where |Ey| and |E;| are the magnitudes of the incident and
scattered F-fields, and 7, is the (infinite) radius. In the NF,
o is still proportional to the square of the radius [18], thus
allowing for extension of the RCS and radar equation concepts
into the NF. Moreover, the impact of the reflecting surface size
and wavelength is overall similar to that in the FF. However,
nulls emerge at characteristic NF distances 7, (cf. dirsrx),
in turn depending on the operating frequency [18] and the
flat surface’s dimensions. There are specialized NF reflection
models that have been developed for the monostatic reflection
case [20], i.e., limited to (¢out,Oout) = (¢in,bin), and thus
not applicable to IRSs which shall reflect into intelligently
selected directions of interest, i.e., (Pout, Oout) # (Din, Oin)-

To the best of the authors’ knowledge, there is no bistatic
NF reflection formula for reflecting surfaces, likely because
the NF case has little relevance in the field of radar science.
Thus, under the assumption of broadband and multi-antenna
communications, which mitigate the previously described
nulls in NF reflections [19], our contribution in Sec. II-C
will extend the bistatic FF reflection model toward the NF
without modeling frequency-specific fades at certain distances
from the IRS panel. Considering that it is likely that, for
example, only the UE but not the BS shall be close to
the IRS, it seems even more valid to entertain this notion.
However, for the far-field model from Sec. II-B to become
applicable at short distances, small reflecting surfaces need to
be considered, cf. Fraunhofer distance definition in Eq. (3).
Therefore, similar to how the FF RCS of complex 3D
geometries is calculated based on numerous flat patches, we
model the NF reflection of a large IRS in Sec. II-B based
on the FF reflection of numerous contained patches. This
resembles a recent 'Piecewise FF’ approach for modeling of
NF communication channels with an extremely large antenna
array [1]. Importantly, we show that this approach captures
the key NF effects on the reflection beam in the radiative NF.
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B. Far-field Reflection of HELIOS IRS Geometries

We recently introduced a physical optics (PO)-based reflec-
tion model for our HELIOS IRS, which was shown to accurately
predict its overall bistatic RCS pattern o (Qy¢|Qin, H) in the
hemisphere €2,,,; defined by all azimuth and elevation reflection
angles dout, Oour € Qour = [—90°,—90°] [9]. The model
requires a description of the incident wave provided by set
Q;n, containing azimuth and elevation AOI!s (AOI!s) ¢y, Gin,
and wavelength \. Another essential input for the FF reflection
model is the IRS geometry, denoted by H: As depictedinFig.2,a
HELIOS reflector consists of M x N modules, each with a foot-
print of bx a (height x width), having an impact on the directivity
of the module’s reflection, i.e., its beamwidth and gain. Each
module may further be tilted horizontally by angle c,,, ,, around
the z-axis, and vertically by angle (3,,, ,, around the y-axis, with
m = 1,...,.M and N = 1,...,N. Thus, each module has a
protrusion depth d.,, ,, of b-tan |Bp, n| + a-tan |, »| + hm .
According to the natural law of reflection, these 2M N tilt
parameters redirect the incident wave into M N directions
(20tm,n — Gin, 2Bm,n — Bin). There are further geometry pa-
rameters that can be used to optimize the reflection behavior,
such as common horizontal and vertical inter-module spacings
dy, d., and module height offsets h., , (all > Om), which are
neither depicted in Fig. 2 nor used in this work for brevity.
The parameters are optimized by a genetic algorithm to meet a
desirable FF reflection behavior. The identified geometry is then
3D-printed with a robust filament, followed by spray-coating of
the tilted surfaces using a copper-based conductive varnish [8].

Against this introduction of the HELIOS architecture, we
briefly recapitulate the reflection model below, i.e., we describe
how it determines the RCS o at an arbitrary observation
direction (¢oyt, Oout) in the infinite far-field (r,,: — 00) [9]:

M N .
o (d)outa gout) = Zm:l Zn:l (\/Um,n . ej.wm’")Q with (5)

a” - b" sinY sinZ)\2 .
Om,n = 41 ( T T- v 7 ) using (6)
T (¢out, Oout) = — cos 0] sin 6, sin ¢}, — cos 0] cos ¢,
+ cos 0 sin @ sin ¢}, 7
mT-a”

Y ((bouta 00ut> = T

and Z (Oyt) = ﬂ)\br

- (sin ¢ cos 0] + sin ¢} cos67), (8)

- (sin @, 4 sin6y) . 9

Moreover, in the prior Egs. (6) to (9), the following module-
specific geometric transformations are leveraged for brevity:

¢1T = (ybzn — Om.n, ¢Z = ¢out — Qmn (10)
0: = 9171 - /B'm,nv 02 = eout - /Bm,n (11)

a” =a-\/1+tan? (amn), b =0b-1/1+tan? (B,,.,) (12)

Last, it remains to mention that v, ,, describes the phase offset
between the center of the reflecting surface P, ,, (cf. Eq. (13))
of module (m,n) and the IRS origin [0,0,0] .

b
% - tan o, | + 3 [tan B n| + Rmon

P = w.ﬁw.% (13)
2m717M.b+2(m71)7(M71) d.

2 2
We note that some configurations of the geometry result in

self-shadowing between individual modules. This reduces the
effective reflecting surface size, such that the model trims the
surface size b” x a” to the effective reflecting surface patch,
as described in detail in [9]. Accordingly, the effective center
position P, ,, of the affected modules’ is also adjusted.

C. Reflection Model Extension to the Near-Field

First, we define the Cartesian NF observation coordinate
P with respect to the IRS origin. Po shall be equivalently
represented by the spherical coordinates [7out, Pout, Oout] Via

Xe COS Gout COS Byt
PC’ = YC = Tout * sin ¢out COosS aout (14)
ZC sin Qout

Against this background, one should ideally use a NF
reflection model to determine each module’s reflection gain
Om,n With parameters radius r,, ,, azimuth reflection angle
¢m,n, and elevation reflection angle 6, , between reflection
center P, , and the NF observation coordinate Pc, as shown
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Fig. 3. Proposed NF IRS reflection model (bottom), combining the infinite FF
reflection model for geometry-defined IRSs (fop left) with individual reflection
angles (¢m,n,0m,n) from each module’s reflection center Py, n to the NF
position Pc (top right).



at the top right of Fig. 3. The reflections of each module
would then be combined by coherent summation as in Eq. (5).
However, as described in Sec. II-A, there is no formula for
the NF reflection of metallic rectangular plates, as utilized
in Eq. (6) of the FF model. Having observed a successful
finite-distance correction of a FF model for massive antenna
arrays in our literature review, this approach is transferred to
our geometry-driven IRS, as depicted in Fig. 3: Following the
"Piecewise FF’ approach from [1], we employ our FF model
for the reflection of each HELIOS module (cf. Eq. (6)) to
extend it into the NF. As shown at the top left of Fig. 3,
the FF model operates under the assumption that Pg is
infinitely far away from the IRS, i.e., 7, , — 00, such that all
reflection observation angles are identical, i.e., ¢m n = Pour
and 0,,,, = 6y for all M N modules. This is changed in
this work as sketched at the bottom of Fig. 3: Whereas 7, ,,
remains infinite because this parameter does not exist in the
FF equation, we consider that the angles from the effective
reflection centers of the modules to the NF observation differ:

fAN oy = SZmn___ (15)

AXm,n \/AXE’L,TL+AYT$L,’IL
where AX,, », AY,, n, AZ,, , are the elements of vector
A}Dm,n = PC - Pm,n = [AXm,n Ava,n AZm,n]T . (16)
For this reason, we denote Eqs. (15) to (16) in Fig. 3 using
Omn = f(Pc,Pny) and O, , = g (Pc, Pp,»). Importantly,
having defined the observation point P with dependence on
Tout 10 Eq. (14), it is straightforward to determine that it holds
(¢m,na em,n) M (¢out» eout) . (17)
Therefore, the proposed NF-extended reflection model
smoothly transitions to the infinite FF model for large r,,;.

and tan6,, , =

III. EXPERIMENTS-DRIVEN MODEL VALIDATION

This section evaluates the proposed NF extension of the
FF IRS reflection model. First, Sec. III-A assesses the
performance improvement over the FF model by compar-
ing it against EM simulations for a simple reflector setup.
In Sec. III-B, we custom-tailor a conventional FF-specific
HELIOS IRS, introduce the laboratory measurement method-
ology, and then evaluate our NF-extended model against the
attained data. Last, Sec. III-C outlines the benefits of employ-
ing the proposed model for NF-tailored IRS customization.

A. Validation against EM Simulations

This section considers an arbitrarily-selected simple, i.e.,
non-optimized, reflector structure as shown in Fig. 4a. It
consists of two modules in a row (1 x 2 arrangement) and
only a fixed azimuth tilt angle o of —22.5° is employed. The
incident EM wave impinges from ¢;, = —45°. Subsequently,
we study the reflection characteristics of the NF-extended
model (from Sec. II-C), infinite FF model (from [9]), and EM
simulations (using [10]) in the horizontal plane for different
azimuth reflection angles ¢,,: and distances r,,; from the
reflector. We note that whereas the NF RCS in the EM
simulations are directly available for (infinite) FF solvers, NF
solvers return only the F-field magnitude in relation to the

1 x 2 HELIOS IRS:
a=b=01m,
Qg = Qg = —22.5°
P11 = P12 =0°

dp(f,2a,1b) = 7.29m
Reflection Calculation: ¢y € [—25°,25°], Ogye = 0°, 7oy € [0.2m,15.0 m]

(a) Simple test scenario and reflector geometry for validation in (b)—(d).
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Fig. 4. Validation of improved performance in vicinity of HELIOS IRS using
proposed NF extension over the FF model, as corroborated by EM simulations.

incident EM wave magnitude. Hence, the RCS is then attained
per definition by multiplying with 4772 ,, cf. Eq. (6).

Fig. 4b depicts the RCS patterns for distances of up to 8 m,
i.e., just surpassing dp = 7.29m. It can be seen that the
infinite FF model, shown in the left column, is independent
of distance. As a consequence, it matches EM simulation
results, given in the middle column, only at large distances
(rout > dp). At small ranges, the simulated reflection beam
broadens and a null appears in the center direction ¢,,; = 0°.
Now, considering the proposed NF model extension, as shown
on the right side, we find that the reflection behavior is
accurately presented in both FF and NF.

We consider the respective range-specific correlations of the
two analytical models’ beam patterns (¢ € [—25°,25°]) and



the EM simulation results in Fig. 4c. In the infinite FF, the
FF model and EM simulations exhibit near-perfect correlation
with a value of 99.78 %, which is depicted by a dashed
line for reference. The missing 0.22 % are induced by, e.g.,
limitations of the underlying PO-based modeling approach [9].
For smaller distances, however, the correlation between FF
model and EM simulation deteriorates and even gets negative
for r5y¢ < 0.31m. In contrast, the proposed NF-extended
model — with high correlation of at least 86.02 % — remains
close to the established performance reference down to a
distance of 53 cm, being the lower bound of the radiative NF.
The reflection patterns are directly compared in Fig. 4d
for two distances: At distance 7,,; = drp = 7.3m, as
shown on the left side, all three methods yield very similar
RCS patterns as expected for this FF case. However, the NF
extension describes the reflection outside the two main lobes
more accurately, such that it is better correlated by 2.01 %-pt.,
cf. Fig. 4c. The right subfigure in Fig. 4d considers the NF
distance 7+ = 1.5m (=~ 0.2dp) for which the NF model
has a high correlation of 95.3 % with the EM simulation,
and thus outperforms the FF model by a 9.78 %-pt. margin.
Accordingly, the reflection patterns of EM simulation and NF-
extended model match well near the two main lobes, whereas
the FF model yields errors of up to 10dB. Fig. 4 has thus
successfully demonstrated the functionality and performance
gains of the proposed model extension into the NF region.

B. Validation against Measurements

Considering the prior simulation-based validation for a
simple geometry, this section provides a complementary ex-
perimental assessment with a complex real HELIOS geometry.
Sec. III-B1 briefly describes IRS FF design requirements and
the attained custom panel. Subsequently, Sec. III-B2 presents
the laboratory measurement setup. Sec. III-B3 discusses the
measurement results featuring comparisons with both FF and
NF predictions from EM simulations and the proposed model.

1) Custom-tailored Static-passive FF Reflector: The full list
of IRS design requirements is provided in Tab. 1. In particular,
the operating frequency and Aols from the previous section
are reused; however, the reflection is now reflected toward the
angular range ¢ou: € [25°,35°), based on the center azimuth
reflection direction ¢, . = 30° and horizontal beamwidth
A¢, = 10° parameters. Again, it shall primarily serve users at
the same height as we set center elevation direction 6, . = 0°
with a narrow vertical beamwidth A8, = 3°. The reflector
features 16 modules (4 x 4 arrangement) over an overall
footprint area of 29.7 cm x 29.7 cm, which is slightly smaller
than the quiet zone in the test chamber, cf. Sec. III-B2. The
reflector tilt parameters (G, Sm,n) are determined by a
genetic algorithm set to maximize the minimum in-beam RCS
o in the target angular reflection space [21], based on the
infinite FF model [9]. For higher performance, row and column
symmetries are used such that only eight (M + N) instead of
32 (2M N) parameters need to be identified [21]. As a result,
the IRS described in Fig. 5 was selected and produced [8, 9].

TABLE I. DESIGN CONSTRAINTS FOR THE HELIOS IRSS.

Parameter Description/Value
< Carrier frequency f=27.3GHz
& Azimuth angle of incidence Gin = —45°
= Elevation angle of incidence 6in = 0°
= Center azimuth reflection angles ¢o,c = 30°
g Horizontal beamwidth A¢po = 10°
5 Center elevation reflection angle 6, = 0°
= Vertical beamwidth A, = 3°
=

Angular resolution Ado,res = Ao res = 0.1°
N-a=M-b=29.7Tcm
M=N=4

a=>b=06.T6\

K = M + N = 8 parameters

Overall footprint size
Module arrangement
Module footprint
Symmetric surface tilts

() N TR

(—=10.69°,—2.00°) (—7.89°,—2.00°) (—5.39°,—2.00°) (-7.14°,—2.00°)
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m(—lo.w, +0.07°) (=7.89°,40.07°) (—5.39°,+0.07°) (—7.14°,+0.07°
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Fig. 5. Pole-mounted passive HELIOS IRS and full configuration, fostering
reproduction of presented measurement, EM simulation, and model results.
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Fig. 6. Overview of near-field measurements of HELIOS IRS reflection.

TABLE II. LABORATORY MEASUREMENT SETUP DETAILS.

Parameter Description/Value

Prx = —14.4dBm
Grx =9.5dBi,Grx = 15.1dBi

Transmit power
Antenna gains

Aols (az., el.)
Frequencies

Incident wave at IRS
Reflected wave at RX

(z)in = 74507 G'Ln =0°

f=27.3GHz; f€[24 GHz:10 MHz:42 GHz]
Indirect far-field using CATR reflector
Near-field of IRS with 7o, = 0.51 m

Measured angles
Performance metric

Gout € [—60°:0.5°: 60°], Opur = 0°
Path Gain (in dB), for hor. and vert. polarization

2) Measurement Methodology: Bistatic reflection measure-
ments under suppressed multipath effects are conducted in
a multi-probe compact antenna test range (CATR) anechoic
chamber (Keysight F9651A), as shown in Fig. 6. The CATR
reflector is fed by a TX feed horn antenna, thereby realizing
an intermediate far-field illumination of the IRS within a quiet
zone area with side length of 30 cm. An RX probe is used to
measure the bistatic FF to NF reflection pattern with a radius of
about 0.5 m. It is mounted on a turntable platform, facilitating
systematic measurements of reflection patterns at different
angles ¢+ with an angular resolution of 0.5°. A sensitive
vector network analyzer (VNA), i.e., Keysight N5247B, is
employed to measure the angular reflected power profile along
both horizontal and vertical polarizations at 27.3 GHz, as
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Fig. 7. Measured NF reflection of HELIOS IRS differs from the FF model used in the design stage and is better described by the proposed NF-extended model.

part of a measurement campaign for the 24 GHz to 42 GHz
spectrum range, containing the major global cellular mmWave
communication bands, with a 10 MHz resolution [22].

The main performance metric of these measurements is the
path gain (i.e., inverse of path loss), which relates the measured
received power level to the transmit power level. As it is avail-
able over an 120° angular range, we can assess the frequency-
specific angular NF reflection pattern of the IRS. The above-
described measurement details are summarized in Tab. II.

3) Comparing Measurements, Simulations, and Models: Our
analysis in Fig. 7 compares the NF measurement data against
EM simulations (using [10]), the infinite FF reflection model
(from [9]), and this work’s NF-extended reflection model.
The combination of simulation, measurement, and model
allows us to underline the impact of using a preconfigured
FF IRS in NF conditions while again validating the proposed
reflection model extension as follows: We find in Fig. 7a
that the FF model-based custom IRS serves the intended
angular region with a broad beam with 13.3-18.3 dBsm. The
reflection behavior of the IRS design, determined via 17,680
RCS calculations during the HELIOS optimization process,
is validated by the computationally intensive EM simulations
(99.3 % correlation). Outside the IRS’s beam (|¢oyt| — 90°),
differences increase due to the model’s PO assumption, cf. [9].
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Fig. 8.  Frequency-agnostic match between proposed model, EM simula-
tions, and polarization-specific measurements: (fop) Horizontal and vertical
polarized power measurements, (bottom) simulation- and model-based RCS.

The measured reflection is shown in Fig. 7b, yielding little
impact by polarization near the main reflection lobes. It can be
seen that the reflection beam is now broadened, misaligned,
and exhibits a reflection null in the intended angular range.
This is also confirmed by EM simulations and the NF-extended
model in Fig. 7c. Additionally, when comparing the attained
NF RCS with the FF RCS in Fig. 7a, we further find that the
peak reflection is approximately 10 dB weaker. Together, these
four reflection behavior changes underline that, in the future,
static HELIOS IRSs need to be customized based on an NF
model if their service area is at least partially in the NF.

Back to Fig. 7c, we note that EM simulations, NF model,
and measurements differ slightly from each other. Reasons for
this could be remaining multipath propagation, measurement
setup inaccuracies (regarding ¢oq¢, Tout), and that the incident
wave is not entirely planar [21, 22]. While both computational
methods match their respective set of aspects from the mea-
surements in Fig. 7b, we observe that the EM simulations are
a slightly better match (80.2 % vs. 75.7 % correlation with V-
pol. data). However, this does not imply that the proposed
NF-model performs inadequately. On the contrary, when ac-
counting for the fact that the FF RCS equations for metal
plates are used with finite-distance corrections for a lack of
NF equations, the accuracy at such a short distance of 0.51 m
(placing it in the reactive NF) is surprisingly high, considering
that we have found in Sec. III-A that it is more suitable in the
radiative NF (with larger r,,; than in the reactive NF).

Last, we briefly note with reference to Fig. 8 that the
proposed NF-extended model is also found to be accurate at
different frequencies. Hence summarize the results of Figs. 7
to 8 are summarized as follows: Regardless of frequency, the
NF model is faster than EM simulations and more accurate in
the radiative NF; considering the results of Sec. III-A, it is even
more accurate for distances larger than the Fraunhofer distance
dr. Hence, it shall serve as a basis for future HELIOS IRS
customizations, regardless of frequency and UE-IRS distance.

C. Potential Analysis of NF-tailored Static-passive IRSs

After validating the accuracy of the proposed NF-extended
reflection model against EM simulations and measurements,
and demonstrating its performance gains over the infinite FF
model, we now illustrate its applicability to the customization
of static-passive HELIOS IRSs. The design constraints listed in
Tab. I are reused; however, the target radius is set to 3.0 m, i.e.,
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Fig. 9. Horizontal reflection pattern slices of FF- and NF-centric custom

mmWave IRSs in the (left) far-field and (right) near-field. Using the proposed
model, NF UEs are served with a minimum in-beam gain of 8.9 dBsm (and
peak gain of 14.7dBsm), instead of suffering an up to 34.5dB reduction of
guaranteed in-beam gain from NF-induced nulls occurring for the FF IRS.

Tout ~ 0.2dp. The resulting reflection patterns in both the near-
and far-field can thus be directly compared with those of the
FF-optimized IRS introduced in Sec. III-B and shown in Fig. 5.

We first consider the performance of both IRSs in the FF, as
shown for the horizontal RCS slice in Fig. 9a. Whereas the FF-
centric IRS exhibits a minimum in-beam RCS of 10.15 dBsm in
the 3°x10° (vert. x hor.) reflection space, the NF-centric design
may only guarantee a reduced reflection level. Therefore, a rel-
ative loss in the design objective value (cf. [21]) is incurred with
the NF IRS in the far-field, however, this is reasonable because
the NF IRS was not explicitly custom-tailored for the consid-
ered long-range distance. However, the situation reverses in the
near-field, as intended: Specifically, the FF reflector geometry
in Fig. 9b exhibits an undesirable null in the target reflection
space with a minimum in-beam RCS of —25.59 dBsm, which is
in line with the effects observed in Secs. III-A to III-B as it was
not designed for such short ranges. In contrast, the NF HELIOS
variant does not exhibit a null and shapes a reflection beam
with at least 8.87 dBsm in the targeted angular region. Overall,
a 34.5dB improvement of guaranteed in-beam reflection gain
is realized, clearly highlighting the advantages of the proposed
reflection model extension, which enables accurate IRS design
from the finite far-field down to the radiative near-field regime.

IV. CONCLUSIONS AND OUTLOOK

This manuscript has presented an NF extension of an ana-
Iytical reflection model for geometric IRSs, which previously
described only the bistatic RCS in the infinite FF. Laboratory
measurements and EM simulations confirm that the proposed
model enables more accurate predictions of mmWave IRS re-
flection characteristics for UEs at tens of meters down to 0.5 m
from the reflecting panel. Our results also demonstrate that
NF reflections differ markedly from conventional FF behavior:
the reflected beam is misaligned, weaker, broader, and exhibits
undesired nulls in the target direction. These findings underline
that IRS designs optimized for FF conditions may be unsuit-
able when UEs are predominantly positioned near the surface.
As showcased, future work will thus employ the NF-extended
reflection model to design static-passive HELIOS IRS geome-
tries with tens of dB improved connectivity for nearby users.
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